A scheme to measure precisely the complex refractive index, N -iK, and the thickness of polycrystalline silicon (poly-Si) film is proposed and demonstrated. The measurement is made by scanning the ellipsometer light beam along a beveled surface of the poly-Si film and by adopting a zero-layer model to derive the Nse -T plot, where Nse is the equivalent real refractive index and T is the thickness of the measured poly-Si film. The complex refractive index, N-iK, is obtained from the Nse-T plot, and the thickness is computed from the ellipsometry equation. Error analyses have been done on both the conventional ellipsometry method and the proposed method, and results show that the proposed method has more than an order-of-magnitude improvement in accuracy compared with the conventional method. Experimental results of applying this method to measure the complex refractive index of poly-Si films prepared at different processing conditions are also shown.
INTRODUCTION
Polycrystalline silicon (poly-Si) films have many important applications, such as gates, interconnects, and load resistors in integrated-circuit devices. Many characterization techniques, such as ellipsometry, scanning electron microscopy, transmission electron microscopy, and x ray, have been employed to analyze the fabricated poly-Si films.l Of these techniques, ellipsometry is one of the most effective because it is simple and nondestructive. When ellipsometry is applied to poly-Si films, however, there are several factors that make measurement difficult" Before measurement, the approximate film thickness must be known within 850 A. (3) Poly-Si films usually have poor surface conditions. The roughness either on the surface native oxide or on the poly-Si films disturbs the characteristics of the reflected polarized light. (4) The errors in the ellipsometric parameters sometimes significantly affect the accuracy of the computed N and K.
Applications of ellipsometry to measure the refractiveindex N and K were studied by Holmes and Feucht' 0 and by Irene and Dong." Holmes and Feucht proposed an approximate method, using a multiple-incident-angle ellipsometry, to measure the weakly absorbing poly-Si film in the 50-Atm range, whose K value is less than 1% of the N value. Irene and Dong used the computed A -P6 chart to fit the measured A and A/ values to search for the N and K values for prepared poly-Si films. In these two studies, factors (3) and (4) above were not considered.
In this paper a scheme using ellipsometry to measure the values of N and K of poly-Si films more accurately is presented. This scheme greatly reduces the errors caused by factors (3) and (4) above. The N and K obtained are then used to compute the thickness T. To demonstrate the improvement in accuracy, the error sensitivities of N and K obtained by using the conventional method and the proposed method are computed and compared. The errors for the computed T are also analyzed. Some results of measurements of the N and K of poly-Si films that were prepared under different conditions are also presented to demonstrate this method.
ERROR SENSITIVITIES OF N AND K BY ELLIPSOMETRIC PARAMETERS
In order to demonstrate the improvement in accuracy for this proposed method, the error sensitivities of N and K obtained by using ellipsometric parameters are theoretically computed, based on a double-layer model. The doublelayer model used in this study is shown in Fig. 1 , where No, N, -iK,, N2 -iK2, and N 8 -ik, are the refractive indices of the ambient medium, the top surface layer, the bottom surface layer, and the substrate, respectively, and T, and T2 are the thicknesses of the top surface layer and the bottom surface layer, respectively. For the model of Fig. 1 , the conventional ellipsometric equations can be expressed as folows"2:
where A and +V are the ellipsometric data and 00 and X are the incident angle and the wavelength of the monochromatic light of the ellipsometer, respectively. For this study the small deviations from the normal values of each ellipsometric parameter are listed in Table 1 ness can be drawn for the absorbing curve. However, the average of the adjacent maximum and minimum is still close to 3.50, which is the real part of the true refractive index of the surface layer. The above plots suggest a way to extract the refractive index, both the real part and the imaginary part, of a surface absorbing film; that is, the average of the plotted Nse of the equivalent zero-layer model gives the real part, N1, and the decay of the curve gives the imaginary part, K1, of the refractive index of the surface layer film.
Mathematic Model of the Extraction of NP and K 1
The extraction of N, and K, can be treated mathematically in a more rigorous way. From Fig. 5(a) it is seen that the Nse's vary periodically with the film thickness. In Appendix A it is shown that, for poly-Si film upon a silicon substrate, the local maximum, Nse(max), and the local minimum, Nse(min), in this Nse -T, plot have the following approximate forms: In the above computation, if the refractive index has a nonzero imaginary part, i.e., the surface layer is an optical absorbing film, the computed equivalent Nse still exhibits a periodic characteristic, except that the amplitude of the curve gradually decays. A sample curve for the previous case when N, = 3.50 -iO.10 is also plotted [the dashed curve 3.80 C
where m = 1, 2, 3 .. ., which represents the mth local maximum or minimum. Equations (5) and (5') can be expressed as
Nse ( where a and /3 are constants. Equations (6) and (6' From Eqs. (8) and (8') the slope -fK1 1 /N 1 can be expressed
Nse(max) + Nse(min) 2 Taking the differentiation on Eq. (9), we obtain approximately = N,
2 which can be expressed as ) where
. Equation (7') indicates that N, can be determined from the neighboring maximum Nse(max) and minimum Nse(min) if K 1 is known. In Eq. (7'), AN is usually an order of magnitude smaller than N,. Hence the error in N, obtained is influenced only little by the error in AN, i.e., the 
In practice, the error in N, can be reduced further by employing a numerical iteration procedure, which is described below, to extract N, and K 1 . The above analysis holds for a single-layer film. This method can be extended to a multiple-layer film since a multiple-layer film can be modified to be a single-layer film by lumping the surface layer with the substrate into an equivalent substrate with an effective refractive index. it can be seen that the average of the adjacent maximum and minimum is still close to the true refractive index of the surface layer, and for the K 34 0 curve the envelopes also decrease in amplitude with the film thickness.
ANALYSIS OF ERRORS IN THE DETERMINATION OF N,, K 1 , AND T 1
One of advantages of the proposed method is that the errors in determining N,, K 1 , and T, are much reduced. In this section an error analysis of this scheme is studied.
where 5A 0 , 6 40, 400o, 6N 8 0 , 6K 8 0 , and bNoo are 10/24, 1/12, 0.020, 0.008, 0.008, and 0.0003, respectively, as given in Table 1. Substituting the expressions given by Eqs. (11) and (11') into Eq. (10), we obtain the total error, 5K 1 :
+ y(b 4 l -b42)62 (12) where From Table 2 This indicates that the error for K, is reduced. By using Eq. (12) the percentage errors, 6K 1 (%), caused by each parameter can be computed in terms of T2, the thickness of the sandwiched SiO 2 layer, and the results are shown in Fig. 6(a) . In this computation, two Nse(max)'s and two (10) Nse(min)'s are used to compute K 1 . The Nse(max) and Nse(min) are chosen in the thickness range 1000-3000 A.
From Fig. 6(a) it is seen that the error 6K 1 is a function of the thickness T2. As T2 increases above 150 A, all curves approach the zero-error axis. Among all the parameters, N 1 is the most significant parameter and suffers the largest error. The errors computed through Nse(max) and Nse(min) are symmetric with respect to the zero-error axis. Hence, if the K 1 value is obtained by averaging the value computed by using Nse(max) and the value computed by using Nse(min), the errors can be averaged out. The errors after this averaging procedure is used are shown in Fig. 6 3 ; it is shown that the error in determining K, is much reduced when this method is used.
Analysis of Errors in the Determination of N 2
From Eq. is between 1000 and 3000 A. increases with T2. However, for T2 less than 300 A, 6N 1 is less than 0.02, which is acceptable. Comparing Fig. 7 with Fig. 2 shows that the error in determining N 1 by using this method is much reduced.
Analysis of Errors in the Determination of TX
According to Eqs. (1) and (2), if N 1 and K 1 have been determined, the thickness, T7, can be computed. It is interesting to know the error introduced in computing T 1. In this section the errors in determining T7 are also analyzed.
In Fig. 8 
EXPERIMENTAL RESULTS
The proposed method has been applied to measure the refractive index of poly-Si films. The experimental details are described in this section, and the measured refractive index is related to the processing conditions for poly-Si films.
Experimental Details
In order to obtain many data on various thicknesses of measured films in order to derive the Nse -T, plot, samples with a beveled surface were used. The samples were prepared by first thermally growing a layer of oxide of 300-500-A thickness of on a 3-5-9/cm, (100) silicon wafer. A poly-Si film whose refractive index was to be measured was then deposited upon the wafer by chemical-vapor deposition. The deposited poly-Si film was then put into a plasma etcher, and a specially made movable shutter was inserted into the etcher to etch the surface of the poly-Si film into a beveled surface.
The light beam of the ellipsometer (Rudolph AutoEL-III) was scanned across the beveled surface. The (A, @,) data corresponding to different thicknesses were then obtained. The Nae -T diagrams were computed by using Eqs. (3) and (4). It is assumed that the N 1 and K, values of the poly-Si film are highly sensitive to the process by which the poly-Si film is prepared. N 1 and K, of the poly-Si films that have been subjected to different processing conditions have been measured, and the results are described below. Figures 11(a) and 11(b) show the measured N 1 and K 1 , respectively, for poly-Si films deposited at different deposition temperatures. The figures show that the higher deposition temperature produces poly-Si films with lower Nl's and K1's. The measured value of N 1 for films deposited at the low temperature is closer to that of single-crystal silicon.
However, the value of K, for the higher deposition temperature is closer to that of single-crystal silicon. The imaginary part of the refractive index, K1.
with a thickness larger than 300 A is sandwiched between the substrate and the layer of the film whose thickness is to be computed.
This method has been applied to measure the refractive index of low-pressure chemical-vapor-deposition poly-Si films. It was found that, for the poly-Si films prepared at the higher deposition temperature, N 1 and K 1 of the deposited films are lower in value. For films deposited at temperatures higher than 570'C, the annealing process (10000C in a nitrogen ambient) does not affect their refractive indices.
For this paper all the computations were done for N, = 3.80 -iO.05 in a thickness range of 0-4000 A. However, this method can be applied to any materials with any other refractive indices and thicknesses. The ellipsometric relationship between the measurable parameters, A and 4A, and the sample parameters can be expressed as12
r.
where rp and r, are the complex reflection coefficients for light parallel and perpendicular, respectively, to the inci- tan le iA = (A2) where crystal silicon. From these two figures it appears that the annealing process does not affect the refractive indices of poly-Si films deposited at a temperature higher than 6100C.
CONCLUSIONS
The above analyses have shown that the conventional ellipsometry method used to measure the complex refractive index N, -iK of poly-Si films is highly sensitive to small deviations in ellipsometric parameters; thus large errors could occur during measurement and computation. Furthermore, as the thickness of the measured film is close to the half-period of the ellipsometric cycle, the errors will become too large to make the measurement meaningful. A new scheme, which is to compute the N 5 e -T 1 plot based on the zero-layer model, has been proposed to reduce the error sensitivities over the most sensitive parameters of T2, N 1 , and T, during computation of K 1 , and over the most sensitive parameters of T2, K 1 , and T, during computation of N 1 . 
In the single-layer model, the ratio of the reflection coefficients, rl/r 8 
